Calcium-dependent release of vasoactive gliotransmitters is widely assumed to trigger vasodilation associated with rapid increases in neuronal activity. Inconsistent with this hypothesis, intact stimulus-induced vasodilation was observed in inositol 1,4,5-triphosphate (IP 3 ) type-2 receptor (R2) knock-out (KO) mice, in which the primary mechanism of astrocytic calcium increase-the release of calcium from intracellular stores following activation of an IP 3 -dependent pathway-is lacking. Further, our results in wild-type (WT) mice indicate that in vivo onset of astrocytic calcium increase in response to sensory stimulus could be considerably delayed relative to the simultaneously measured onset of arteriolar dilation. Delayed calcium increases in WT mice were observed in both astrocytic cell bodies and perivascular endfeet. Thus, astrocytes may not play a role in the initiation of blood flow response, at least not via calcium-dependent mechanisms. Moreover, an increase in astrocytic intracellular calcium was not required for normal vasodilation in the IP 3 R 2 -KO animals.
Introduction
A growing body of literature indicates that astrocytes not only provide metabolic support for neurons (Magistretti et al., 1999 , Rouach et al., 2008 , Halassa et al., 2010 , Allaman et al., 2011 but also are capable of calcium-dependent synthesis of vasodilators and vasoconstrictors (vasoactive "gliotransmitters") (Volterra and Meldolesi, 2005) . Thus, astrocytes might play a role in the local regulation of microvascular diameters and the resultant blood flow changes accompanying changes in neuronal activity (for review, see Iadecola and Nedergaard, 2007 , Agulhon et al., 2008 , Koehler et al., 2009 , Nimmerjahn, 2009 , Attwell et al., 2010 , Paulson et al., 2010 , Petzold and Murthy, 2011 . In brain slices, an increase in astrocytic intracellular calcium causes a slow dilation or constriction of the embedded arteriolar segments (Simard et al., 2003 , Zonta et al., 2003 , Gordon et al., 2008 . A transient increase in astrocytic calcium has also been observed in vivo in various parts of the cerebral cortex-somatosensory, visual, and olfactory-in response to the appropriate sensory stimulus or voluntary movement , Dombeck et al., 2007 , Petzold et al., 2008 , Schummers et al., 2008 , Thrane et al., 2012 . However, it remains unclear whether astrocytic calcium increase is required for the initiation of functional hyperemia in vivo and whether its onset precedes the onset of vasodilation, as would be expected if the former triggered the latter.
In the present study, we examined the importance of astrocytic calcium signaling for stimulus-induced vasodilation by using inositol 1,4,5-triphosphate (IP 3 ) type-2 receptor (R2) knockout (KO) mice lacking the primary mechanism of astrocytic calcium increase (Li et al., 2005 . We used in vivo two-photon microscopy for parallel imaging of neuroglial calcium dynamics and diameter changes in nearby arterioles in the primary somatosensory cortex (SI) in response to a brief sensory stimulus. IP 3 R2-KO mice exhibited no detectable calcium signaling, although they did show intact stimulus-induced vasodilation, suggesting that elevation of astrocytic calcium was not required for neurovascular coupling.
We next investigated the temporal relationship between astrocytic increases in intracellular calcium and vasodilation in wild-type (WT) mice. Our results demonstrate that the onset of astrocytic calcium transients may be too slow to account for the onset of vasodilation. In addition, while vasodilation and neuronal calcium increase were observed consistently in response to each stimulus trial, the delayed astrocytic calcium increase was only detected in a small percentage of astrocytes, occasionally responding in some of the trials.
The present results do not question the well established fact that astrocytes house a machinery to synthesize and release substances with vasoactive properties. Rather, they challenge the hypothesis that astrocytes serve as mediators in neurovascular coupling in the healthy brain in response to a brief sensory stimulus-the relevant condition for event-related functional imaging studies.
Materials and Methods

Animal procedures
All experimental procedures were performed in accordance with the guidelines established by the UCSD Institutional Animal Care and Use Committee (IACUC). We used 49 adult mice of either sex: 36 ICR mice and 13 IP 3 R2-KO Black Swiss mice. IP 3 R2-KO mice were kindly provided by Dr. Ju Chen. Mice were anesthetized with isoflurane during surgical procedures (2% initially, 0.5-1% during all procedures). A cannula was inserted into the femoral artery. A metal holding bar was glued to the temporal bone for immobilization of the head during imaging. An area of skull overlying the forepaw region of the primary SI contralateral to the holding bar was exposed and dura mater removed. To avoid herniation of the exposed brain due to excessive intracranial pressure, the dura mater over the IVth cerebral ventricle was punctured, thus allowing drainage of CSF.
Calcium indicator Oregon Green 488 BAPTA-1 AM (OGB1) (O-6807, Invitrogen, 50 g) was first dissolved in 4 l of 20% pluronic in DMSO (F-127, Invitrogen); 80 l of artificial CSF (ACSF) containing 142 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES, 3.1 mM CaCl 2 , 1.3 mM MgCl 2 , pH 7.4, were added to OGB1 solution to yield a final concentration of 0.5 mM OGB1. OGB1 solution was pressure-microinjected into the cortical tissue (Stosiek et al., 2003) at the location of the maximal neuronal response to forepaw stimulation, mapped before imaging using surface potential recordings . The red fluorescent dye sulforhodamine 101 (SR101, S7635, Sigma) in ACSF was applied topically for ϳ2 min to label astrocytes (Nimmerjahn et al., 2004) . The excess dye was washed with ACSF. A drop of agarose (1%w/v, A9793, Sigma) in ACSF was applied on the brain surface, and the exposure was covered with a round glass coverslip (5 mm, WPI) and sealed with dental acrylic. After the exposure was closed, the drainage hole was sealed with agarose. Fluorescein isothiocyanate (FITC)-labeled dextran (FD-2000S, Sigma) was injected intravenously [50 -100 l of 5% (w/v) solution in saline] to visualize the vasculature and control for the integrity of the capillary bed.
In some experiments (n ϭ 4 subjects), Fluo-4 was used as a calcium indicator instead of OGB1. Fluo-4 (F-14201, Invitrogen, 50 g) was prepared in the same way as OGB1 and applied topically for ϳ60 min, resulting in preferential labeling of astrocytes as previously described .
In experiments involving microinjection of drugs during imaging, the round coverslip was cut straight on one side. The cut side was aligned with the lateral edge of the exposure and a gap was left in the seal on the lateral side to allow insertion of a glass micropipette. ATP (A6419, Adenosine 5Ј-triphosphate disodium salt hydrate, Sigma), or t-ACPD (0187, (Ϯ)-1-Aminocyclopentane-trans-1,3-dicarboxylic acid, Tocris Bioscience) was dissolved in ACSF, yielding 1 mM (ATP) or 10 M (t-ACPD) drug solution. The blue fluorescent dye Alexa 350 (A-10439, Alexa Fluor 350 hydrazide, sodium salt, Invitrogen) was added to the drug solution so it would be possible to view the micropipette during manipulation and to provide visual feedback during microinjection ("puffing") of the drug in the cortical tissue. The pressure was manually adjusted (ϳ1-2 psi for 100 ms with a 2 m pipette tip) to ensure visible puffs while avoiding movement artifacts.
During data acquisition, isoflurane was discontinued and anesthesia maintained with ␣-chloralose (50 mg*kg-1). Mice were paralyzed with pancuronium bromide 0.4 mg/kg/h (Shin et al., 2007) and ventilated (ϳ110 bpm) with 30% O 2 in air. Expired CO 2 was measured continuously using a micro-capnometer (Cl240, Columbus Instruments). Heart rate, blood pressure, and body temperature were monitored continuously. In the majority of experiments, blood gas was analyzed to crossvalidate the micro-capnometer measurements. Respiration was adjusted to achieve PaCO 2 between 30 and 40 mmHg and pH between 7.35 and 7.45. ␣-Chloralose and pancuronium in 5% dextrose saline were supplied through the femoral line every 30 min for the duration of data acquisition.
Two-photon imaging
All measurements were performed in the forepaw region of SI. Imaging was done within a 1 mm radius from the center of the neuronal response, determined before the imaging session using surface potential recordings. Images were obtained using an Ultima two-photon laser scanning microscopy system from Prairie Technologies equipped with an Ultra II femtosecond laser (Coherent) tuned to 790 -1000 nm (790 nm in experiments with Alexa 350, 800 -850 nm for calcium imaging with or without FITC, and up to 1000 nm for vascular FITC measurements). Green (OGB1 and FITC), red (SR101), and blue (Alexa 350) fluorophores were imaged using dedicated photodetectors: cooled GaAsP detectors for green and blue (Hamamatsu, , and a multialkali PMT for red (Hamamatsu, . FITC and OGB1 have overlapping excitation and emission spectra and therefore can be excited together and imaged using the same (GaAsP) detector. This is possible because the signals separate in space: FITC is present only inside the intravascular lumen; OGB1, only in tissue.
We used a 4ϫ objective (Olympus XLFluor4ϫ/340, NA ϭ 0.28) to obtain low-resolution images of the exposure. Olympus 20ϫ (XLUMPlanFI, NA ϭ 0.95) and Zeiss 40ϫ (IR-ACHROPLAN, NA ϭ 0.8) waterimmersion objectives were used for high-resolution imaging. In experiments involving manipulation of a glass pipette under the coverslip, we used a combination of Zeiss 5ϫ (Plan-NEOFLUAR, NA ϭ 0.16) and Olympus 20ϫ (UMPlanFI, NA ϭ 0.5) objectives for a coarse approach and fine manipulation under the glass coverslip, respectively. The laser beam diameter was adjusted to overfill the back aperture.
For simultaneous calcium and vascular diameter measurements, a ϳ50 ϫ 70 m field-of-view (FOV) was imaged in frame-scan mode at the target acquisition rate of ϳ10 Hz, aiming to resolve 10% dilation of vessels with the baseline diameter of Ͼ8 m. Additional diameter measurements were performed in frame-scan mode at ϳ10 Hz, or in a "freehand" line-scan mode using ϳ1-mm-long line scans across multiple vessels with a scan rate of 80 -170 Hz. The scan resolution was 0.5 m or less.
No attempt was made to correct for optical aberrations resulting in elongation of the excitation volume along the depth axis (Ji et al., 2010) . In OGB1 experiments, to prevent potential contamination of astrocytic signals from individual neuronal cell bodies outside the focal plane but within the axially stretched excitation volume, FOVs were chosen to ensure that no neuronal cell bodies were located immediately above or below the astrocytic cell bodies in the focal plane.
Stimulation
During electrical stimulation, a train of six 1 mA square 100 s pulses at 3 Hz was delivered to the forepaw contralateral to the exposure through a pair of thin needles inserted under the skin. In OGB1 and Fluo-4 experiments, 10 and 3 stimulus trials, respectively, with interstimulus intervals (ISIs) of 25 s, were presented at each imaging location. This stimulus paradigm was chosen because it produced robust and reliable dilation, described in detail in our previous publications . Briefly, this stimulus induced a synchronized neuronal spiking response throughout the cortical depth within the center of the cortical forepaw representation (on the order of a millimeter across) and a temporally biphasic arteriolar diameter change with initial dilation followed by constriction. Within the center, the main vascular response was dilatory. The ratio of the amplitudes between the initial dilation and subsequent constriction decreased moving away from the center of neuronal activity . In the present study, two-photon measurements were restricted to the center region, thus ensuring robust dilation. Virtually every imaged neuron in the present study exhibited a stimulus-induced calcium increase. Similar behavior was observed in our recent study in the barrel cortex using electrical stimulation of the whisker pad (Reznichenko et al., 2012) .
During stimulation by microinjection of ATP or t-ACPD, the injecting micropipette was positioned using a Luigs and Neumann translation stage (380FM-U) and manipulation equipment integrated into the Ultima system. Five to 10 puffs with ISIs of 50 -80 s for ATP and 150 -300 s for t-ACPD were presented at each imaging location.
Stimulation devices (A365 stimulus isolator or PV830 picopump, WPI) were triggered using a separate PC that also acquired timing signals for data acquisition ("trigger out" signals for each frame/line) and physiological readings using an National Instruments IO DAQ interface (PCI-6229) controlled by custom-written software in MATLAB (MathWorks). The timing of each frame/line relative to the stimulus onset was determined during data analysis based on acquired triggering signals.
Extracellular electrophysiological recordings
In imaging experiments with calcium indicator Fluo-4, we used simultaneous recordings of multiple unit activity (MUA) to control for normal neuronal response to stimulation. This was necessary because neurons exhibited virtually no Fluo-4 uptake, and, therefore, information about neuronal activity was not available from the calcium imaging data. MUA recordings were performed as described in the studies by Devor et al. (2003 Devor et al. ( , 2005 , using a tungsten microelectrode (FHC, 7 M⍀) positioned ϳ200 m below the cortical surface within the imaged column. The microelectrode was inserted under the coverslip as described above for glass pipettes. Because action potentials in neurons within ϳ100 m of the electrode tip contribute to the MUA part of the extracellular potential (Buzsáki, 2004 , Pettersen and Einevoll, 2008 , Einevoll et al., 2012 , the recorded signal mostly reflected spiking in layer II/III of the imaged cortical column.
Data analysis
Data were analyzed in MATLAB using custom-written software. Regions-of-interest (ROIs) corresponding to astrocytic cell bodies and perivascular endfeet were segmented from SR101 images. Neuronal cell bodies were segmented from composite red and green images. For individual ROIs, the calcium signal per frame was calculated as an average of all pixels within the ROI. This calculation was repeated for each frame in the time series to generate a single-ROI time course. When more than one ROI per FOV was defined, the same procedure was performed separately for each ROI, resulting in a family of ROI-specific time courses. When necessary, contamination from calcium increases in neuropil was regressed from astrocytic ROIs, as described in Separation of astrocytic and neuropil signals, below. Arteriolar ROIs were segmented at the outer border of the arteriolar wall. In the presence of FITC, dilation resulted in the expansion of fluorescent intravascular lumen within the ROI. The pixels within the intravascular core were brighter than the surrounding arteriolar wall; the diameter estimation procedure tracked the number of pixels above a threshold, separating the high-intensity intravascular lumen from the rest of the ROI.
Blood flow velocity in single arterioles was measured in the presence of intravascular FITC using repeated line scans (450 -770 Hz for simultaneous diameter/velocity measurements and 1200 -1700 Hz for dedicated velocity measurements) along the axis of the vessel. These formed a space-time image when stacked sequentially, leading to the generation of streaks due to the motion of red blood cells (Kleinfeld et al., 1998) . The slope of these streaks is inversely proportional to the velocity, while the direction of flow is determined from the sign of the slope (Kleinfeld et al., 1998) .
Ratio images were computed relative to the baseline image from a prestimulus time period with no spontaneous activity in either neuronal cell bodies or neuropil in the FOV; they included an average of five frames. All pixels outside astrocytic and vascular ROIs and neuronal cell bodies were specified as neuropil. Ratio images were calculated for each pixel by (1) computing the difference in the signal intensity relative to the baseline image-⌬F, (2) dividing the ⌬F by the baseline intensity-⌬F/F, and (3) multiplying the result by 100 to obtain the percentage signal change.
Astrocytic calcium increases were detected when the intensity rose above the 2 SD threshold relative to signal fluctuations within a 5 s prestimulus baseline and remained above the threshold for at least five consecutive time-points (ϳ0.5 s). The onset was estimated by fitting a line to the rising slope between 20 and 80% to the peak and calculating an intercept with the prestimulus baseline .
Statistics were performed across subjects unless indicated. The results were expressed as the meanϮSE.
Separation of astrocytic and neuropil signals
Rationale. Since the volume occupied by astrocytic ROIs may contain neuronal processes (neuropil) (Halassa et al., 2007 , Winship et al., 2007 , Reeves et al., 2011 , a calcium increase in the neuropil can contribute to the signal extracted from an astrocytic ROI defined from SR101 images. In fact, calcium signal increases within the first poststimulus sampling interval, which are characteristic of neuropil response, were visible in all time courses extracted from liberally defined "astrocytic" ROIs. The magnitude of this initial rapid transient decreased with decreases in the size of the astrocytic ROI (i.e., in astrocytic ROIs including less neuropil) and depended on the position of the focal plane relative to the astrocytic center of mass. Importantly, decreasing the size of the ROI selectively diminished the fast component, with neuropil kinetics preserving the delayed component when present ( Fig. 1 A, B ). This fast component was a close replica of the time course observed in the neuropil, and was composed of transients with a sharp rise and fast decay sufficient for resolving responses to each of the 6 stimuli in the train. Such a sharp rise is characteristic with neuronal calcium activity but has not been reported in astrocytes.
Moreover, calcium increases with neuropil-like kinetics were not observed in Fluo-4 experiments (Fig. 1C,D) , in which the indicator was virtually absent in neurons. In these experiments, neuronal response was measured using simultaneous electrophysiological recordings (Fig. 1E ). While in principle selective labeling of astrocytes eliminates the problem of cross talk with neuronal calcium signals, astrocytic labeling with Fluo-4 was limited to the top 150 -200 m. In addition, in agreement with previous reports , labeled astrocytes exhibited increased sensitivity to laser power, raising concerns about a significant interference with normal tissue homeostasis associated with prolonged exposure to the Fluo-4 loading solution. Therefore, most of our results are based on OGB1 data where contamination from a calcium increase in the neuropil was minimized by decreasing the size of astrocytic ROIs and, in some cases, by using a linear regression approach as described in the following section.
Regression procedure. For OGB1 data, reducing the size of the ROI decreased the signal-to-noise ratio (SNR) of the measurement (Fig. 1B , compare the top and bottom red traces) and could result in underestimation of the number of responsive astrocytic trials. Therefore, in cases where the cross talk could not be eliminated without compromising the SNR of the measurement (n ϭ 220 of the total of 619 astrocytes in WT subjects and n ϭ 30 of the total of 82 astrocytes in IP 3 R2 subjects), we used a linear regression approach. More formally, in MATLAB notation, we estimated the corrected astrocytic time course as x ϭ y1 Ϫ y2 ϫ ( y2‫گ‬y1), where y1 and y2 were the observed astrocytic and neuropil time courses, respectively. For each time course extracted from an astrocytic ROI composed of n pixels, the corresponding neuropil time course was estimated by averaging signal within a ring of n neuropil pixels (excluding cell bodies) separated from the astrocytic ROI by a gap of the same area (that is, composed of n pixels).
Results
IP 3 R2-KO mice lacking IP 3 -dependent mechanism for astrocytic calcium increase have normal stimulus-induced vasodilation
We used in vivo two-photon microscopy for imaging of neuroglial calcium activity in the forepaw region of SI in IP 3 R2-KO mice. Calcium indicator OGB1 and SR101 were used to label neurons (with OGB1) and astrocytes (with OGB1 and SR101) (Stosiek et al., 2003 , Nimmerjahn et al., 2004 , Garaschuk et al., 2006 . In general agreement with previous studies that tested astrocytic IP 3 -dependent calcium signaling in such mice , Di Castro et al., 2011 , Takata et al., 2011 , Navarrete et al., 2012 , Thrane et al., 2012 , we observed clear differences between IP 3 R2-KO and WT subjects in the astrocytic response evoked by in vivo intracortical microinjection of ATP and a metabotropic glutamate receptor (mGluR) agonist t-ACPD (Fig. 2) . ATP (1 mM) was presented at three cortical depths-in layer I, at the border between layers I and II, and in layer II-in 3 WT and 3 IP 3 R2-KO subjects, producing a wave of astrocytic calcium increases in the former and no detectable response in the latter ( Fig. 2A-D) . The WT results agree with previously published in vivo observations of cerebellar Bergman glia (Hoogland et al., 2009 ) and a recent report on actrocytic signaling in the awake mouse cortex (Thrane et al., 2012) .
Similarly, WT but not IP 3 R2-KO subjects exhibited largeamplitude astrocytic calcium increases in response to 10 M t-ACPD. The drug was applied in 3 WT subjects (1 in layer I and 2 in layer II) and 4 IP 3 R2-KO subjects (2 in layer I and 2 in layer II) (Fig. 2 E, F ) . In contrast to our experience with ATP, we had to restrict application of t-ACPD to a single location per subject because safe repositioning of the pipette required application of positive pressure, leading to spillage of the drug. In WT subjects, spillage of t-ACPD induced irregular oscillations followed by a rapid decrease in responsiveness to successive puffs. For example, in a subject illustrated in Figure 2E , time-locked calcium increases were observed in response to the first three puffs only. Astrocytic calcium oscillations following application of t-ACPD was previously observed in vitro (Fiacco and McCarthy, 2006) . A decrease in t-ACPD efficiency during consecutive applications was also previously described in vitro and attributed by the authors to the depletion of intracellular calcium stores (Jaffe and Brown, 1994). This rapid and irreversible decrease in efficiency might explain an apparent disagreement of the present results A gradual erosion of a single-cell ROI (astrocytic cell body labeled "a") is illustrated on the right: Starting from a mask defined by a liberal thresholding of SR101 intensity (m1) and eroding a single layer of pixels at a time (m2-6). The masks are enlarged relative to the composite image for viewing purposes. B, Time courses extracted from the masks shown in A. All time courses are baseline-subtracted and peaknormalized to illustrate that the erosion procedure selectively decreases contamination from neuropil (black arrowheads) while preserving the slow and large-amplitude "true" astrocytic signal. Calcium signal change in neuropil (i.e., outside neuronal and astrocytic cell bodies), expressed as ⌬F/F, is shown in green. The black bars indicate stimulus duration. C, An example FOV labeled with Fluo-4 and SR101, imaged 180 m below the cortical surface. The yellow color of the composite image indicates colocalization of Fluo-4 (green) and SR101 (red) in astrocytes. Scale bars, 30 m. D, Calcium signal time courses, expressed as ⌬F/F, extracted from the ROIs outlined in the composite image in C. The black bars indicate stimulus duration. E, An example nonrectified MUA voltage trace illustrating responses to six consecutive stimuli within a single stimulus trial. MUA recordings were performed simultaneously with optical acquisition to ensure neuronal response to stimulation. Onsets of astrocytic calcium increases in response to ATP in WT subjects, as a function of distance from the injecting pipette. Astrocytes in IP 3 R2-KO subjects did not exhibit calcium increases and are not plotted. E, Example response to microinjection of 10 M t-ACPD imaged 120 m below the cortical surface in a WT subject: the first 3 puffs evoked time-locked calcium increases followed by irregular oscillations. F, As in E for an IP 3 R2-KO subject.
with recent reports of t-ACPD at high concentrations (100 -500 M) failing to induce calcium increases in cultured astrocytes or in vivo (Sun et al., 2013) . In IP 3 R2-KO subjects, we detected no change in astrocytic calcium in response to single puffs (Fig. 2F ) or to an intentional spill using continuous low pressure for 1-2 min. Furthermore, astrocytes in IP 3 R2-KO subjects did not exhibit detectable calcium increases in response to forepaw stimulation, in astrocytic cell bodies or perivascular endfeet (n ϭ 82 astrocytes and 34 endfeet imaged from the top of layer I to 210 m below the surface; data not shown).
Next, we asked whether the lack of astrocytic calcium excitability in IP 3 R2-KO mice had an effect on sensory stimulusinduced vascular response. To address this question, we measured arteriolar vasodilation in 6 WT subjects and 3 IP 3 R2-KO subjects in response to the forepaw stimulus. Diving arterioles, labeled with intravascular FITC, were traced from the surface. The identity of the imaged vessels was verified at the end of each experiment by acquiring high-resolution image stacks. Figure 3A shows a compilation of individual vasodilation time courses for the WT (top) and KO (bottom) populations. The onset of vasodilation was estimated by fitting a line to the rising slope of the diameter increase and calculating an intercept with the prestimulus baseline . The extracted onset and peak distributions (Fig. 3B , top and bottom plots, respectively) for the WT and KO populations (solid circles and open triangles, respectively) overlapped. There was no statistically significant cross-subject difference between the WT and KO results: Averaged within the top 550 m, vasodilation started 0.8 Ϯ 0.1 and 0.6 Ϯ 0.5 s and peaked 3.2 Ϯ 0.2 and 3 Ϯ 0.2 s from the stimulus onset in WT and IP 3 R2-KO populations, respectively. The relatively rapid dilation onsets are in agreement with recent single-vessel imaging studies by us and by others , Drew et al., 2011 , Schulz et al., 2012 , Shen et al., 2012 .
To confirm that an increase in arteriolar diameter was indicative of an increase in cerebral blood flow, we performed paired diameter and red blood cell velocity measurements (see Materials and Methods)-either simultaneously or sequentially-for 15 surface arterioles in an additional 4 WT subjects. These measurements demonstrated that an increase in arteriolar diameter was consistently accompanied by an increase in blood flow velocity (Fig. 3C,D) . Thus, increase in diameter can be used as a surrogate measure of functional hyperemia.
Together, these results show that elevation of astrocytic calcium was not required for normal functional hyperemia in IP 3 R2-KO mice.
Astrocytes may exhibit sporadic calcium increases in the presence of robust neuronal response and vasodilation After establishing that IP 3 R2-KO mice exhibit normal functional hyperemia, we proceeded to investigate the relationship between astrocytic increases in intracellular calcium and vasodilation in WT mice in response to forepaw stimulation. Similar to our previous studies in rats , this stimulus elicited reproducible dilation (Fig. 3) , which was then used as a reference in addressing the question: given the dilation, can we detect a preceding astrocytic calcium increase? We performed simultaneous imaging of neuroglial calcium activity and arteriolar vasodilation at different depths in 6 WT subjects: from the top of layer I to 410 m below the surface. Diving arterioles were included in 142 FOVs and capillaries Ͼ100 m away from arterioles-in 113 FOVs. Six additional WT subjects were used for calcium imaging only.
Each FOV, which included one or more astrocytic cell bodies, was imaged continuously for ϳ260 s during presentation of 10 stimulus trials. A significant increase in astrocytic intracellular calcium (Ͼ2 SD, see Materials and Methods) with an onset within a 6 s window following the stimulus onset was considered a stimulus-induced "astrocytic calcium response." Of the total of 619 astrocytes imaged in 12 subjects from the surface (the top of layer I) to 410 m below the surface [layer IV (Anderson et al., 2009) ], the majority (90 Ϯ 3%), exhibited no astrocytic calcium response within the 6 s window during any of the stimulus trials, despite a robust neuronal response and vasodilation. An example FOV with an arteriole diving through the imaging plane and one perivascular astrocyte is shown in Figure 4 . The arteriole (Fig. 4A,   Figure 3 . IP 3 R2-KO mice exhibit normal functional hyperemia. A, Time courses of arteriolar diameter change in WT and IP 3 R2-KO subjects (top and bottom panels, respectively). All measurements for each category are overlaid. The average is superimposed on each panel (thick lines). The stimulus onset is indicated by the gray vertical line. The across-subject averages are superimposed in the inset to facilitate temporal comparison; the error bars indicate a 95% confidence interval for the mean. B, Onset (top) and time-to-peak (bottom) for all measured arteriolar diameter changes in WT (solid dots) and IP 3 R2-KO (open triangles) subjects, extracted from the data in A. Data from all subjects are overlaid and presented as a function of the cortical depth. C, Comparison of paired diameter and velocity measurements from surface arterioles. Cross-subject averages for diameter (black) and velocity (green) time courses. First, we averaged all time courses acquired within a subject. Then, averaged time courses were normalized by the peak amplitude before calculating the average across subjects; the error bars indicate SE across subjects. An increase in velocity preceded an increase in diameter ( p Ͻ 0.01). This behavior is consistent with a theoretical expectation from a distributed vascular network when the fastest dilation occurs in deep cortical layers . D, An example illustrating simultaneous measurements of diameter and velocity. On the left, a scan path is superimposed in red on an FITC image of a surface arteriole. A segment of the scan path along the vessel is used to estimate velocity based on the angle of streaks in temporally stacked lines denoted by ␣ at the top right (see Materials and Methods) (Kleinfeld et al., 1998) . A segment of the scan path across the vessel is used to compute dilation based on expansion of the profile (the red arrow at the top right). Corresponding diameter (black) and velocity (green) time courses are shown at the bottom right.
"v" stands for "vessel") was labeled by intravascular injection of FITC. The signal time course extracted from the astrocytic ROI (Fig. 4A , "a1") exhibited no change in response to any of the stimulus trials (Fig. 4B, red trace) . In contrast, clear calcium increases were observed in neuronal cell bodies (Fig. 4B , "n1" to "n3," green traces). A robust calcium increase was also detected in the neuropil (Fig. 4B, bottom green trace) .
The arteriolar diameter increased in response to each stimulus trial (Fig. 4B, black trace) . The lack of astrocytic calcium increase in the presence of arteriolar dilation and neuronal response can also be seen in ratio images, which illustrate the percentage change in fluorescence relative to the prestimulus baseline (⌬F/F, see Materials and Methods) for the first stimulus trial (Fig. 4C) .
Dilation of the arteriole in the ratio images appeared as a bright ring, indicating the expansion of FITC-labeled intravascular lumen. The signal within the astrocytic ROI, located outside the dilation ring (see ROI contours overlaid on the ratio images), remained at the baseline. The same dilation is illustrated in Figure  4D through a comparison of "raw" images: at the prestimulus baseline (top) and during the peak dilation (bottom). The dilation is visible as an expansion of the intravascular cross-section relative to the baseline diameter indicated by the red dotted line.
At high enough concentrations, the presence of calcium indicator can slow the kinetics of calcium rise and attenuate the response amplitude. To control for this unwanted effect, which would apply to both astrocytes and neurons, we estimated a time constant of neuronal calcium decay using established procedures (Göbel and Helmchen, 2007) . Consistent with previous studies estimating neuronal spikes from two-photon calcium imaging data, neuronal calcium transients extracted from cell body ROIs decayed with a time constant of 0.5-0.9 s (Fig. 4E) . Thus, our measurements were performed within a range of intracellular OGB1 concentrations where the presence of indicator molecules did not considerably alter cellular calcium kinetics.
Cortical layer boundaries were defined by depth (Anderson et al., 2009 ). In layer II/III (100 -320 m), 13 Ϯ 4% of astrocytes responded to at least one stimulus trial. This is in contrast to layer I (Ͻ100 m) and layer IV (320 -410 m), where only a few astrocytes exhibited calcium responses: 2 cells (of 166) in layer I and 3 cells (of 94) in layer IV. Together, these numbers correspond to ϳ7% of the astrocytes from the overall pool of 619 responding to at least 1 stimulus trial. The most responsive cases from our pool exhibited astrocytic calcium elevations in a number of consecutive trials, similar to previously published results , Thrane et al., 2012 (Fig.  1B) . However, the majority of the responsive astrocytes responded sporadically to only a few trials: an average of 2 of 10 trials. Figure 5 shows an example where calcium increases in response to 2 of 10 trials were observed in one of 3 astrocytes in the FOV (Fig. 5A, "a1") . Small-amplitude "spikes," time-locked to the stimulus onset, are visible on astrocytic time courses in some of the trials in Figure 5B , representing a residual cross talk with neuropil signals (see Materials and Methods, Separation of astrocytic and neuropil signals). To illustrate this effect in a more intuitive way, we calculated a series of trial-averaged ratio images during the neuronal response (Fig. 5C ). While the astrocytic ROIs stayed darker than the surrounding neuropil, their outer borders brightened during signal increases in the neuropil. This is in contrast to the responses in trials 2 and 9 (red arrows in Fig.  5B ), where the signal increase was clearly confined to the astrocytic ROI. This is illustrated in Figure 5D through a series of ratio images corresponding to trial 9. These images are spaced in time (times are indicated above the images) to optimize the visualization of slow astrocytic calcium kinetics. In contrast to astrocytes, all neuronal cell bodies and neuropil reliably responded, with an increase in calcium, to every stimulus trial (Fig. 5 B, C) .
Next, we examined whether the responsive astrocytes (i.e., those responding to at least one stimulus trial) were unique in their geometrical position relative to the target blood vessels. Based on published anatomical data, we assumed that the processes of a single astrocyte (the "astrocytic domain") in the mouse cortex extended approximately up to 50 m from the cell body (Halassa et al., 2007) . Using this assumption, we divided astrocytes imaged in FOVs that included diving arterioles (n ϭ 142 FOVs) into those with cell bodies within 50 m of an arteriole (Fig. 6A ) and those with cell bodies at a distance Ͼ50 m- presumably in contact with capillaries or venules (Fig. 6B ). All astrocytes from FOVs within the capillary bed (n ϭ 113 FOVs) were assigned to the Ͼ 50 m category. On average, astrocytes that responded to at least one stimulus trial were more frequently found near arterioles (16 Ϯ 6%) than outside the 50 m (7 Ϯ 4%). However, this difference was not statistically significant across subjects. The time courses of astrocytic calcium responses from these two categories did not differ significantly, although those near arterioles exhibited a small trend toward an earlier onset, earlier peak, and shorter duration (Fig. 6C) .
The onset of astrocytic calcium response may lag behind the onset of vasodilation
The sporadic occurrence of calcium response in individual astrocytes, on its own, does not rule out their involvement in triggering vasodilation. In principle, calcium-dependent release of gliotransmitters from a few cells along a target arteriole might be sufficient to initiate dilation. However, if vasodilation is triggered by astrocytes via an intracellular pathway that requires an increase in cytosolic calcium, the onset of an astrocytic calcium response must precede that of vasodilation. To test this temporal relationship, we compared time courses of astrocytic calcium increase and arteriolar dilation (Fig. 7) .
Because our measurements indicated that only a small percentage of astrocytes exhibited a calcium response in each individual subject, we collected all responsive stimulus trials-across astrocytes and subjects-for quantitative analysis. Figure 7A shows a compilation of astrocytic calcium time courses from the responsive trials separately for the subjects with intravascular FITC used for simultaneous measurements of dilation (n ϭ 6 subjects, left panel) and without FITC (n ϭ 6 subjects, right panel). The average time courses for these two categories overlapped (Fig. 7A, inset ) and data were pooled together for quantitative analysis, including 73 trials from 31 cell body ROIs and 15 trials from 5 endfeet ROIs. For each responsive trial, we estimated the onset by fitting a line to the rising slope of the signal and calculating an intercept with the prestimulus baseline . Duration was estimated as the full width of the response at half-maximum amplitude (FWHM). On average, the onset and peak of astrocytic calcium increase were delayed by 3.6 Ϯ 1.2 and 8.1 Ϯ 3.3 s, respectively, from the stimulus onset. These calcium increases exhibited an amplitude of 16.8 Ϯ 10.8% (⌬F/F) and a duration of 6.6 Ϯ 4.1 s (mean ϮSD across all responsive trials). Astrocytic onset and time-to-peak values for all responsive stimulus trials in our dataset are shown in Figure 7B (top and bottom, respectively) as a function of the cortical depth (red open squares: subjects with FITC; red solid dots: subjects without FITC). The 3.6 s onset is in good agreement with the onset recently reported for whisker stimulation in the awake mouse (ϳ3.5 s) and faster than that observed under other types of anesthesia (ϳ5.7 s under ketamine/xylazine, isoflurane, or urethane) in the same study (Thrane et al., 2012) , suggesting less suppressive effects of ␣-chloralose on astrocytic calcium kinetics.
The onset of vasodilation was estimated in the same way as the onset of astrocytic calcium response: by fitting a line to the rising slope of the diameter increase and calculating an intercept with the prestimulus baseline . The extracted vascular values are shown in Figure 7B (black symbols). Simultaneously measured diameters (Fig. 7B , black open squares) are included regardless of the presence of an astrocytic calcium response. Superposition of onset and peak values from the standalone arteriolar diameter measurements in the absence of additional fluorophores (OGB1 and SR101) in WT mice (Fig. 7B , black solid dots) confirmed that the kinetics of the vascular measurements acquired simultaneously with calcium imaging were representative of arterioles in the corresponding depth category. The same stand-alone arteriolar diameter data are illustrated in solid black dots in Figure 3 .
The distribution of astrocytic onset times in Figure 7B falls above that of dilation, indicating that astrocytic calcium increases lagged behind the onset of dilation across the cortical depths considered. The difference between astrocytic and dilation kinetics is further illustrated in Figure 7C , which compares the overall pool of astrocytic response time courses (combined from the 2 plots in Fig. 7A ) with vasodilation (combined simultaneous and stand-alone data). On average, the onset of astrocytic calcium responses was delayed from that of dilation by Ͼ2 s: the astrocytic and vascular onsets were 3.6 Ϯ 1.2 and 0.7 Ϯ 0.4 s, respectively (mean ϮSD across all measurements). Similarly, the time-topeak of astrocytic calcium response was delayed relative to that of dilation (8.1 Ϯ 3.3 and 3.3 Ϯ 0.7 s, respectively, mean ϮSD across all measurements).
Sub cellular compartment-specificity of astrocytic calcium transients: perivascular endfeet and fine astrocytic processes It has been reported that the onset of calcium increase in astrocytic perivascular endfeet, in vivo, can precede that in the cell body . We therefore examined 43 cases (from the WT population) where an astrocytic cell body had a connected endfoot in the same imaging plane (within the same FOV). Of these, 35 exhibited no detectable elevation of calcium in either the cell body or the endfoot compartment, while 3 exhibited elevation in the cell body but not in the endfoot. In the remaining 5 cases, both compartments showed an increaseincluding 3 cases in which the onset of a calcium response in the endfoot preceded that in the soma. One of these is illustrated in Figure 8A -D: Here, both the soma and endfoot (Fig. 8A , "a1" and "EF") responded to the seventh stimulus trial with a largeamplitude calcium increase (Fig. 8B , red arrowhead points to the endfoot response). As in Figure 5 , small-amplitude "spikes" at the beginning of some of the stimulus trials reflect residual cross talk with neuropil signals (see Materials and Methods, Separation of astrocytic and neuropil signals). This can be seen in trialaveraged ratio images during the neuronal response, in which astrocytic ROIs remained darker than the surrounding neuropil (Fig. 8C) . Ratio images for the seventh stimulus trial in Figure 8D show that calcium increases occurred not only in the soma and endfoot but also in fine astrocytic processes around the somacompare the 12-13 s poststimulus ratio image in Figure 8D to the SR101 image in Figure 8A . In addition to the high-amplitude response, small-amplitude trends were observed in the endfoot in the first 3 stimulus trials (black arrowheads). These trends did not cross the 2 SD threshold for detection of astrocytic responses (see Materials and Methods). Superposition of these trends with the high-amplitude endfoot response in Figure 8E suggested similar onsets. All of the detected endfoot responses (n ϭ 15 trials, 5 endfeet) are overlaid in Figure 8F . The onset of the endfoot calcium increase was delayed relative to the mean dilation onset in the same depth category (180 -300 m, the black trace): 2.6 Ϯ 0.6 and 0.8 Ϯ 0.3 s, respectively (mean ϮSD across all time courses). The same endfoot responses are included in the Ͻ50 m category in Figure 6 and in the overall pool of detected astrocytic responses in Figure 7 .
The increases in intracellular calcium in astrocytic processes that are visible in the ratio images in Figure 8D argue for our ability to detect subcellular transients. However, nonspecific la- beling of all cells in the volume by OGB1 presents a challenge in isolating calcium signals from the fine astrocytic arborizations. Moreover, astrocytic cell bodies can be porous and contain neuronal processes, thus necessitating in some cases regression of the neuropil signal from astrocytic ROIs (see Materials and Methods, Separation of astrocytic and neuropil signals). Therefore, as long as the indicator is present in both neurons and astrocytes, the existence of neuropil-like astrocytic calcium kinetics cannot be completely ruled out. In particular, a hypothetical astrocytic calcium elevation that exhibits a smaller amplitude than the elevation in the surrounding neuropil and that has kinetics identical to those in the neuropil could be erroneously removed from the astrocytic time course by the regression procedure. We therefore used a topical loading of Fluo-4 in an additional four subjects, with the goal of examining astrocytic calcium kinetics and subcellular organization of astrocytic calcium increases within a limited range of cortical depths achievable with topical loading. The topical loading procedure resulted in uptake by astrocytes but not by neurons . Subcellular ROIs in these experiments were defined by thresholding maximal intensity projection (MIP) images computed for each stimulus trial. Care was taken to choose a baseline image with no spontaneous activity. In addition to large-amplitude calcium increases in astrocytic cell bodies and perivascular endfeet, similar to those observed with OGB1, Fluo-4-labeled astrocytes exhibited patchy calcium increases that did not colocalize with cell bodies (Fig. 9 A, B) . These calcium changes were slow compared with those in neurons and neuropil (from the OGB1 data, e.g., the green traces in and could occur in the absence of a concomitant calcium increase in the cell body, in agreement with a recent high-resolution study of hippocampal astrocytes in a brain slice preparation (Di Castro et al., 2011) . Limited by the sensitivity and resolution of our measurements, we did not attempt to address whether some of the calcium rises within individual subcellular ROIs could be considered stimulus-induced. However, in some cases (14 of 51 FOVs), we could detect a repeatable stimulus-locked calcium increase in at least 2 of the 3 trials, presented at each FOV in Fluo-4 experiments, by averaging all pixels within the FOV ("field response"; Fig. 9C , blue trace). Figure 9D compares the time course of Fluo-4 field response to that of calcium increases in astrocytic cell bodies and vasodilation within the depth range of Fluo-4 measurements. The onset of the averaged field response (averaged across the 14 FOVs; Fig. 9D , blue trace) preceded that of the averaged calcium response in astrocytic cell bodies (Fig. 9D , red trace) but lagged behind that of vasodilation (Fig. 9D , black trace).
Discussion
Collectively, our results demonstrate the following: (1) no astrocytic calcium increase was needed for a normal vasodilation response in IP 3 R2-KO mice; (2) calcium increases in astrocytic cell bodies and perivascular endfeet, evoked by an increase in neuronal activity in response to a short-duration sensory stimulus, were too slow in the onset to initiate vasodilation; and (3) astrocytic calcium increases were observed in a small population of astrocytes sporadically responding to individual stimulus trials. These findings challenge the view that astrocytes relay the increase in local neuronal activity to vascular contractile elements via calcium-dependent mechanisms. In particular, the temporal order of events-with the onset of the astrocytic calcium response lagging behind that of arteriolar dilation-may indicate that vasodilation cannot be triggered by any process downstream from the increase in astrocytic cytosolic calcium.
Comparison with previous studies
The average onset of astrocytic calcium increase at Ͼ1 s following the stimulus onset observed here is in agreement with the general consensus based on previous in vivo reports in the primary sensory and visual cortices: ϳ3 s has been reported in the mouse SI for whisker stimulation , Thrane et al., 2012 , Ͼ4 s in the rat SI for electrical forepaw stimulation (Schulz et al., 2012) , 3-4 s in the visual cortex of ferrets (Schummers et al., 2008) , and 1-2 s in the mouse SI after the onset of voluntary running (Dombeck et al., 2007) . Although neither of these specifically addressed the existence of astrocytic calcium increases before dilation onset, Schulz et al. (2012) noted instances of vasodilation in the absence of astrocytic calcium increases. In addition, an indication of a temporal discrepancy between vasodilation and astrocytic calcium is found in the study by Schummers et al. (2008) , where intrinsic signal change, related to vasodilation, occurred before the onset of the astrocytic calcium increase (ϳ1 and 3 s, in their Fig. 4, E and B, respectively) .
Simultaneous measurements of glial calcium and blood flow were performed in the olfactory bulb (Petzold et al., 2008) and cerebellum (Nimmerjahn et al., 2009 ). While Petzold et al. (2008 did not specifically determine the onsets, our present conclusions are in agreement with a more recent overview by the same authors, which states that "astrocytic responses in vivo are typically detected after the onset of functional hyperemia" (Petzold and Murthy, 2011). Nimmerjahn et al. (2009) reported that "local blood perfusion levels rose over a very similar time course as that of Ca 2ϩ flares" in cerebellar Bergman glia (their Fig. 7C ). Thus, calcium excitability and the kinetics of calcium surges can differ between glial subtypes across brain regions.
A single study by Winship et al. (2007) reported that ϳ5% of imaged astrocytes exhibited fast calcium signals with the onset indistinguishable from that of neurons [Winship et al. (2007) , their Fig. 2 ]. This type of behavior has not been reproduced in any subsequent studies. While the quest to find astrocytes with neuronal-like calcium kinetics continues, it is possible that those observed in the study by Winship et al. were misclassified neurons or "bleed-through" from strongly responsive neurons positioned immediately under the focal plane (Ji et al., 2010) .
A sporadic and late appearing of astrocytic calcium response is in apparent disagreement with the rapid and reproducible kinetics of astrocytic glutamate transporter (Bergles and Jahr, 1997 ). An increase in intracellular calcium, however, has not been established as a necessary consequence of the transporter's activation (Petzold et al., 2008) . Therefore, the lack of calcium increase should not be interpreted as astrocytes' inability to sense neuronal activation. In fact, astrocytes are known to respond to neuronal activation by increased metabolic activity, upregulation of glutamate-glutamine shuttle, and glucose uptake (Allaman et al., 2011, Pellerin and Magistretti, 2012) . The current data suggest that these astrocytic functions are not necessarily accompanied by calcium increases.
The hypothesis that astrocytic calcium increases mediate neurovascular coupling was originally put forward in studies in brain slices (Zonta et al., 2003 , Mulligan and MacVicar, 2004 , Metea and Newman, 2006 . However, the pathological homeostasis of brain slices departs from that in vivo (Turner et al., 2007 , Huchzermeyer et al., 2008 . More recently, the hypothesis gained support from an in vivo study in which photolysis ("uncaging") of caged glutamate induced dilation of diving cerebral arterioles . With the caveat that single-photon uncaging could result in the uncaging of calcium in astrocytic and neuronal elements above and below the focal plane, this study supports the conclusion that astrocytes house a machinery to synthesize and release vasoactive substances upon calcium increase. The present study does not contradict this conclusion. Rather, we show that a stimulus-induced increase in neuronal activity may not set off that machinery fast enough to account for the onset of vasodilation.
Subcellular calcium transients and limitations of the bulk loading method
In agreement with earlier observations in the SI , in some instances the onset of calcium increases in perivascular endfeet preceded that in the cell body. Our Fluo-4 data further support the idea of subcellular organization of astrocytic calcium activity, suggesting that local increases in astrocytic arborizations are independent of those in cell bodies. However, the onset of calcium increases in perivascular endfeet and that of the field response in Fluo-4 data lagged behind the onset of vasodilation.
It has been demonstrated in cell cultures that membranebound genetic calcium indicators can have superior performance to cytoplasmic dyes (such as OGB1 and Fluo-4, which were used in the present study) in detecting local calcium rises under the membrane (Shigetomi et al., 2010a (Shigetomi et al., , b, 2012 . Translation of this technology in vivo is under development but is not yet available.
As an alternative strategy, we used IP 3 R2-KO mice (Li et al., 2005 , which lack the IP3-dependent mechanism for astrocytic calcium increase but show normal vasodilation. This finding is consistent with a recent report demonstrating that blocking mGluR type 5 (mGluR5) upstream of the IP 3 -dependent calcium release from intracellular stores did not affect the hemodynamic response to a brief sensory stimulus (Calcinaghi et al., 2011) . We cannot rule out, however, potential IP 3 -independent fast calcium increases in astrocytic "microdomains" below the detection ability of Fluo-4 imaging. IP 3 -independent calcium influx-mediated by transient receptor potential A1 channels-has been shown in astrocytic cultures (Shigetomi et al., 2012) ; the contextual relevance for this mechanism in vivo remains an open question.
Future technological developments aimed at improving the sensitivity of two-photon detection and targeted expression of novel genetically induced calcium indicators might lead to the discovery of possible fast subcellular astrocytic calcium surges powering a timely release of vasoactive gliotransmitters in vivo. Thus far, however, the evidence used to support the hypothesis of an astrocytic role in triggering vasodilation has been based on calcium signals detectable with the currently available twophoton calcium imaging technology, such as that used in the present study. Our simultaneous measurements demonstrate that these astrocytic calcium signals may not explain the onset of vasodilation.
